Biochar, a by-product from the production of biofuel and syngas by gasification, was tested as a material for adsorption and fixation of U VI from aqueous solutions. autunite below pH 6.5 and either swartzite, liebigite or bayleyite above pH 6.5.
Introduction
Increasing demand for energy has persuaded many countries to look for alternative and renewable sources such as biofuel and syngas [1] . Their production by gasification, pyrolysis or hydrothermal carbonization (HTC) of plant or animal biomass (e.g. wood, manure, leaves or bone) in an oxygen deficient environment [2] generates large quantities of carbonaceous by-products known collectively as 'biochar' [3] . The composition and properties of biochar depend upon the production method and source material being combusted. This results in variation in physical and chemical properties such as pH, ash content, surface area and chemistry [4] . Material produced from gasification and/or pyrolysis has a higher ash content than biochar produced via HTC which is richer in carbon [3] . Comparison of the characteristics of biochars produced from the same pinewood source material by HTC at 300 o C or pyrolysis at 700 o C for copper adsorption from aqueous solution [5] found that HTC-biochar had more active adsorption sites and stable carbon-oxygen complexes on its surface with a 95% increase in oxygen-containing groups compared to the source material. By contrast, there was a 56% decrease in oxygen-containing groups in biochar produced by pyrolysis. BET surface area measurements showed that the biochar produced by HTC had a lower ), but had a greater capacity to adsorb copper.
Biochar was first used as a soil amendment at Terra Preta de Indio, in the Amazon region by ancient Amerindian populations [2] . In soils it has been shown to improve biological nitrogen fixation, increase nutrient retention and immobilize phytotoxic heavy metals [6] . Other applications claimed include waste management and mitigation of climate changes [2] . Biochar has recently attracted attention as a potential adsorbent in water purification as it contains oxygen-substituted functional groups (e.g. carboxylic, lactone and phenolic groups) embedded within a highly porous structure. As a consequence it has a large capacity for adsorption of heavy metals, radionuclides and organic pollutants, particularly from aqueous media [5, 7, 8] . Many studies have reported that the time to reach equilibration for heavy metal sorption is <24 h [9] [10] [11] . It has also been suggested that the sorption kinetics are not limited by diffusion of metal ions into biochar pores but by surface precipitation with carbonate, phosphate and/or silicate [12] . The kinetics and reversibility of reactions between binder and contaminant are particularly important when considering water purification applications as distinct from a possible role as a soil amendment.
Few studies have examined the capacity of biochar for removal of radioactive materials from aqueous solutions or its potential as a soil amendment for the remediation of radioactively contaminated soil. Biochar produced from HTC of switch grass was investigated as a potential permeable reactor barrier material [3] . The U VI adsorption capacity increased from 2120 mg kg -1 at pH 3.0 to ~4000 mg kg -1 at pH 5.9 then declined at higher pH. This suggests that U VI adsorption is highly dependent on the U speciation in solution with formation of carbonate complexes at higher pH. Factors affecting U removal and recovery from aqueous solutions by HTC-biochar including pH, initial U VI concentration, contact time, ionic strength and temperature have also been investigated [13] . Maximum uptake capacity was attained at a pH of ~6.0 after 50 minutes equilibration. A pseudo-second order kinetic model best described the adsorption kinetics and a Langmuir adsorption isotherm described the adsorption process at equilibrium. iii.
Is the bone-biochar a suitable material for water purification or better suited to soil remediation?
Batch U adsorption data were fitted to kinetic and diffusion models which assumed rapid reversible adsorption coupled with a slower 'fixation' reaction to explain the timedependence of the reaction between U VI and the bone-biochar. The effect of solution pH and U loading on the reaction kinetics were investigated. The desorbability of the (adsorbed) U VI was assessed using desorption into a solution matrix in which only the U VI concentration differed from the pre-equilibrated adsorption solution. An attempt was made to use isotopic dilution with 233 U VI to quantify the 'reactivity' (lability) of the previously adsorbed U VI . The free ion activity products of candidate solid phases were tested for possible surface precipitation of U on biochar. We believe this is the first study to quantify, and model, uranium fixation in a phosphatic biochar through concurrent measurement of (i) adsorption kinetics, (ii) desorbability and (iii) isotopic exchangeability with enriched 233 U.
Materials and methods
All chemicals and reagents were of trace analysis grade unless otherwise stated. All solutions were prepared using Milli-Q water (~18 MΩ cm, TOC ≤10 µg L 
Scanning electron microscopy (SEM)
Grains of biochar were mounted on double-sided adhesive carbon tabs fixed to 10 mm diameter aluminium SEM stubs. Images were taken on uncoated samples using an FEI 
Dissolved organic and inorganic carbon
Total dissolved carbon (TC) and dissolved organic carbon (DOC) were determined on biochar suspensions in 0.01 M Ca(NO3)2 using a Shimadzu TOC-VCPH. Samples were acidified with HCl to pH 2-3 to remove inorganic carbon, before the remaining (organic)
carbon was detected as CO2 by non-dispersive infrared detection after heating to 720°C
with a platinum-coated alumina catalyst. Inorganic carbon was estimated from the difference between TC and DOC. 
Batch adsorption experiment
where is the total volume of suspension (L) and the weight of biochar (kg).
Reversible first order model (RFO)
A reversible first order kinetic model (RFO) was used to describe the time-dependent adsorption of U VI onto the biochar. Following the initial rapid attainment of a reversible equilibrium, further sorption was considered as a time-dependent, but reversible, reaction:
Where ka and kb are reversible first order forward and reverse rate constants, respectively and Bio-S is the active site on the biochar surface.
The first order model equation can be expressed as described in Eq.(2) [15] : 
Where Uads,t=0 is the concentration of labile U (µg kg -1 ), instantaneously adsorbed, at t=0
and in equilibrium with the solution concentration (Uo). The combination of kf and nf and the rate constants ka and kb were then used to model the distribution of U VI between the biochar and solution as a function of contact time.
Spherical diffusion model
The spherical diffusion model is based on the assumption that sorption is controlled by diffusion into uniform spherical particles of radius (r) controlled by a diffusion coefficient (D) [16] [17] [18] . It has been successfully applied to describe time-dependent sorption processes in materials, including soil [19, 20] , minerals [21] activated carbon [22] and waste materials e.g. 'bottom ash' and de-oiled soya [23] .
The model equation is shown in Eq.(4) [16, 17] :
where n is an integer, D is the intra-aggregate diffusion coefficient (
) and r is the aggregate radius. Equation 4 was fitted to the time-dependent U adsorption data by optimising the compound parameter D/r 2 to minimise the SPES. Again, it is important to make a distinction between Uadded and Uo in that some instantaneous adsorption of labile U VI ions is assumed.
Isotopic exchange with 233 U VI to determine 238 U VI E-values ( 238 UE)
Isotopic dilution (ID) has been widely used to measure the isotopically exchangeable, or 
Desorption experiment
Prior to measuring desorption, U VI was allowed to adsorb on biochar for 15 d at added represents the desorbability of the adsorbed U and can be expressed as:
Where Usoln,o is the solution concentration of U at the end of the initial 15-day adsorption period. 
Geochemical speciation model (WHAM-VII)
Where IAP is the ion activity product for the candidate solid phase and KSP is its solubility product. If the log10SI is >0 then the solution is supersaturated and the solid phase should be actively precipitating.
Statistical analysis
The residual standard deviation ( ) was used to assess the performance of empirical models:
Where c = number of optimized constants; n = number of observations and Mi and Pi are measured and predicted results respectively.
Results and discussion

Biochar characterization
Biochar suspensions had a naturally high pH of 9.6. Elemental analysis (Table 1) gives a mole ratio of Ca:P of 1.50 suggesting the presence of Ca-deficient hydroxyapatite Ca5(PO4)3(OH) (Ca:P = 1.67). SEM images (Fig 1) showed grains were irregular in shape with a porous structure, probably originating from the original bone material.
Kinetics of U VI adsorption
Reversible first order kinetic (RFO) and spherical diffusion models (SDM) were applied to describe the kinetics of U VI adsorption. There was a marked initial loss of U from solution which was greatest at low pH values (Fig. 2) . Thereafter, however, both models adequately described the time-dependent U VI adsorption trends ( Table 2 . 'Initial U concentration' (Uo) is a fitted variable and was typically between 1-10% of the 'added U concentration (Uadded)' (Table 2 ) as a result of instantaneous U adsorption by the biochar. Thus the majority of the U was adsorbed very rapidly and this was followed by a slower continuing adsorption reaction (Fig. 2) , limited either by reaction rate or diffusion within the biochar structure [33] . Values of ka were much greater than kb, especially at low pH and U concentrations. The diffusion parameter D/r 2 varied with pH and U concentration; averaged across the added U range it was maximal at pH 6 (0.0673 d -1 ) and across the pH range was greatest at the lowest U concentration (0.0665 d -1 ). An exact physical meaning of D/r 2 is compromised by the irregularity of the biochar particles and their variable particle size (Fig. 1) ; changes in U speciation with pH will also affect the values of the effective diffusion coefficient (D) and
Uo.
An attempt was made to describe and predict the sorption of U VI into biochar by integrating the experimental data into a predictive model that described both the initial adsorption and the subsequent time-dependent reaction. Freundlich isotherm constants ) of the rate constants (ka and kb), in an iterative solution, to predict time-dependent U VI adsorption on biochar at pH 7, 8 and 9 from zero time to 15 days (Fig. 4) . This approach provided a good overall representation of the kinetics of U VI adsorption on biochar (Fig. 4) but was only successful within a pH range (7 -9) in which adsorption, rather than precipitation, appeared to control U retention in the solid phase. 
Isotope dilution
Desorption of 238 U VI
To further assess the lability of adsorbed This may reflect the greater contact time (15 d) prior to desorption compared to the initial E-value measurement following 7 d adsorption. For pH 9, the two indices of U lability were much closer, both measurements probably reflecting the influence of carbonate complex formation in retaining adsorbed U in a more labile, reactive state.
U VI speciation and stability diagram
To assess the likelihood of U precipitation contributing to the apparent fixation of U, chemical speciation of U VI in the suspensions was calculated using WHAM-VII.
Saturation indices for possible U-containing solid phases (Table 3) reaction between synthetic hydroxyapatite and uranium using batch experiments in the pH range 6.3-6.9 and identified the solid phases formed using SEM, synchrotron XRD and XAS [35] . Autunite formation was observed only at pH 6.3 in agreement with the observation in our study of autunite precipitation at pH < 6. 
Conclusions
In Speciation of U VI solid phases predicted from WHAM-VII showed that the controlling solid phase at pH 4.5-6 was autunite while at higher pH (7-9) the controlling solid phases were swartzite, bayleyite and liebigite.
Biochar with a high hydroxyl-apatite content is an efficient adsorbent for U VI ions over a wide range of pH. It may be suitable for treatment of contaminated low level waste streams due to its substantial capacity for desorption hysteresis below pH 7. It may also be suitable as a soil amendment in the pH range 6 -7 due to poor apatite solubility in this pH range combined with limited carbonate complexation of U VI ions. ) is the extrapolated U concentration in solution at zero time. Table 3 : Solubility products of selected U phases. 
